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Introduction {#sec001}
============

The human immunodeficiency virus (HIV) enters the cell through interaction with the cellular CD4 receptor and the CCR5 or CXCR4 co-receptors. After entry the viral RNA (vRNA) is reverse transcribed into double stranded viral DNA (vDNA). This nucleoprotein complex is referred to as pre-integration complex (PIC) and subsequently transported into the nucleus. In the nucleus, the PIC is targeted to the host chromatin where the viral integrase catalyses insertion of the viral genome into the host genome. After integration, the viral genome is silenced or transcribed into RNA which is exported in unspliced or spliced versions. These transcripts are translated by the cellular machinery into viral precursor proteins or used as novel RNA templates for packaging. These proteins are recruited for budding at the plasma membrane, leading to assembly and release of new particles. Upon cleavage of the viral polyproteins by the HIV-1 protease (PR) the mature virus is ready to infect new cells (for a review see \[[@pone.0200080.ref001]\]).

Like all viruses, replication of HIV depends on the interaction between viral and host proteins. For instance, viral entry is supported by the CD4, CCR5 and CXCR4 receptors, while nuclear transport, integration and RNA export are aided by proteins such as Transportin-SR2 (TRN-SR2, TNPO3), LEDGF/p75, and CRM1 respectively \[[@pone.0200080.ref002]--[@pone.0200080.ref008]\]. HIV cofactors are a promising source of new therapeutic targets as illustrated by the entry inhibitor maraviroc \[[@pone.0200080.ref009]\], a drug targeting the CCR5 co-receptor. LEDGINs are another example of promising antivirals in early clinical development targeting the LEDGF/p75 binding pocket on HIV-1 integrase (IN) \[[@pone.0200080.ref010],[@pone.0200080.ref011]\].

Cellular proteins can also account for differences in host susceptibility to infection, as illustrated by the human cyclin dependent kinase p21 \[[@pone.0200080.ref012]\]. Experimental blockade of p21 leads to an increase in viral reverse transcripts and mRNA production. p21 is upregulated in a subset of CD4+ elite controllers, suggesting that it acts as a barrier against HIV infection. Finally, co-factors underlie distinct viral replication properties. Distinct integration site patterns observed between gammaretroviruses and lentiviruses, for instance, are determined by the use of different molecular tethers. The cellular bromodomain and extraterminal (BET) proteins interact with the gammaretroviral integrase, targeting integration towards enhancers and transcription start sites \[[@pone.0200080.ref013]--[@pone.0200080.ref015]\], while LEDGF/p75 interacts with lentiviral integrase targeting integration into the body of active genes \[[@pone.0200080.ref006],[@pone.0200080.ref016]\].

Here we report on the identification of Y-box-binding protein 1, or the nuclease-sensitive element-binding protein 1 (YB-1, YBX1 or NSEP1, from here on referred to as YB-1, uniprot accession code P67809), as a cellular cofactor of HIV replication. YB-1, a 324 amino-acid DNA and RNA binding protein, is involved in transcriptional and translational regulation, DNA repair and pre-mRNA splicing (recently reviewed by Lyabin et al. \[[@pone.0200080.ref017]\]). A murine YB-1 knockout (KO) resulted in disturbed neural tube formation, foetal growth retardation and prenatal death \[[@pone.0200080.ref018],[@pone.0200080.ref019]\]. YB-1 contains an alanine/proline rich N-terminal domain (NTD), a highly conserved cold shock domain (CSD), and a highly charged C-terminal domain (CTD) that contains basic and acidic repeats (**[Fig 1A](#pone.0200080.g001){ref-type="fig"}**). YB-1 was initially named after its identification as a binder of inverted Y-box sequences in promotor regions \[[@pone.0200080.ref020],[@pone.0200080.ref021]\]. However subsequent studies opposed these findings \[[@pone.0200080.ref022]\]. YB-1 displays high affinity for the RNA sugar-phosphate backbone (*K*~d~ = 10^-9^M) and a lower affinity for DNA (*K*~d~ = 10^-6^M) \[[@pone.0200080.ref023]\]. In the cytoplasm, YB-1 is a major component of messenger ribonucleoprotein complexes (mRNPs), with higher amounts in free mRNPs compared to polysomes. The YB-1/mRNA ratio is key for translational regulation, as both YB-1 levels close to saturation and complete YB-1 depletion inhibit mRNA translation \[[@pone.0200080.ref024],[@pone.0200080.ref025]\]. YB-1 has been described to relocate into stress granules and into the nucleus upon stress related stimuli like a heat shock and UV-irradiation \[[@pone.0200080.ref026]\]. Similar results were obtained upon infection with mouse mammary-tumour virus (MMTV) and influenza virus, respectively \[[@pone.0200080.ref027],[@pone.0200080.ref028]\].

![YB-1 is part of the integrase complex.\
(**A**) Schematic representation of YB-1. YB-1 contains an alanine/proline rich N-terminal domain (NTD), a conserved cold shock domain (CSD) and a C-terminal domain (CTD) that contains basic and acidic repeats. The CSD and CTD are responsible for the RNA and DNA binding properties. (**B**) Pull down of recombinant His-tagged HIV‑1 IN from spiked cell extracts of 293T cells. His-tagged protein, endogenous LEDGF/p75 and YB-1 were detected with specific antibodies after Western blotting. (**C**) Immunoprecipitation (IP) of endogenous YB-1 from 293T cell extracts in the presence or absence of LEDGF/p75 (p75 KD) spiked with recombinant His-IN and His-GST. His-tagged protein, endogenous LEDGF/p75 and YB-1 were detected with specific antibodies after Western blotting. (**D**) Co-IP of endogenous YB-1 with recombinant GST-His or GST-IN added to 293T cell lysates. The GST-tag and endogenous YB-1 were detected with specific antibodies after Western blotting. (**E**) IP of endogenous YB-1 from 293T extracts spiked with different His-tagged retroviral integrases and the His-GST negative control. All samples were analyzed by Western blot using the indicated antibodies. (**F**) Interaction of varying concentrations of recombinant YB-1 and 80 nM of IN as measured by AlphaScreen. The interaction between recombinant transportin-SR2 (TRN) and HIV-1 IN was analysed in parallel. Standard deviations for duplicates within one representative experiment are shown.](pone.0200080.g001){#pone.0200080.g001}

YB-1 has been associated with a plethora of viruses. In the 1990's YB-1 was found to bind to the promoters of Rous sarcoma virus (RSV), human T-cell lymphotropic virus-1 (HTLV-1), human neurotropic polyomavirus (JCV) and HIV-1, resulting in increased transcriptional activity upon overexpression \[[@pone.0200080.ref029]--[@pone.0200080.ref032]\]. Not much later YB-1 was shown to form a complex with the HIV Tat-TAR transcriptional complex \[[@pone.0200080.ref033]\]. In 2013, Mu *et al*. published that YB-1 enhances production of vesicular stomatitis virus glycoprotein G (VSV-G) pseudotyped HIV with a luciferase reporter gene (HIV~luc~) through the stabilization of newly produced vRNA \[[@pone.0200080.ref034]\]. Also murine leukaemia virus (MLV) vector production and MMTV production is regulated by YB-1 in an RNA-dependent manner \[[@pone.0200080.ref027],[@pone.0200080.ref035]\]. Upon YB-1 overexpression, increased influenza and adenovirus production was observed while YB-1 was translocated to the nucleus \[[@pone.0200080.ref028]\]. On the other hand, depletion of YB-1 led to a 10--20 fold increase in Dengue virus production with only a 2-fold increase of translation \[[@pone.0200080.ref036]\]. Of note, in the latter study, YB-1 was completely depleted, while the other studies used a partial knockdown (KD). Also hepatitis C virus (HCV) replication is influenced by YB-1. HCV RNA replication is hampered by YB-1 depletion, while viral particle production is increased \[[@pone.0200080.ref037]\]. In summary, YB-1 is well known to affect late stage replication of several RNA viruses, presumably by interacting with vRNA. A recent report suggests that YB-1 may also interact with HIV-1 matrix \[[@pone.0200080.ref038]\].

The results presented in this manuscript reveal that YB-1, next to a role in late stage replication, also assists early replication steps of HIV. In consecutive experiments we show that i) YB-1 associates with integrase, ii) YB-1 is required for HIV replication, iii) YB-1 is required for late steps of HIV replication and iv) YB-1 plays a role in the early replication cycle at a stage between reverse transcription and nuclear import.

Materials and methods {#sec002}
=====================

Cell culture {#sec003}
------------

HeLa TZM-bl (TZM-bl) cells were obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: TZM-bl from Dr. John C. Kappes, Dr. Xiaoyun Wu and Tranzyme Inc \[[@pone.0200080.ref039]\]. HeLaP4 cells were a kind gift from Pierre Charneau, Institut Pasteur, Paris, France. SupT1 and HEK293T (293T) cells cells were obtained from the ATCC (Manassas, VA). HeLaP4, 293T and TZM-bl cells were maintained in DMEM glutamax^TM^ (GIBCO, Ghent, Belgium) supplemented with 5% fetal bovine serum (FBS, GIBCO, Ghent, Belgium) and 50 μg/ml gentamicin (GIBCO, Ghent, Belgium). SupT1 cells were maintained in RPMI 1640 (GIBCO, Ghent, Belgium) supplemented with 10% FBS and 50 μg/ml gentamicin. All cell lines were grown in a humidified atmosphere with 5% CO~2~ at 37°C.

Plasmids {#sec004}
--------

In order to generate stable KD cell lines, different miRNA-based short hairpin sequences (from here on referred to as miR) were cloned into the pGAE_sffv_BsdR_miRstemshuttle_WPRE plasmid, which was used for the production of Simian Immunodeficiency (SIV)-based viral vector particles (**[S1A Fig](#pone.0200080.s006){ref-type="supplementary-material"}**). First, pGAE SFFV-ZeoR-IRES-tCD34-2xshL3mir \[[@pone.0200080.ref040]\] was digested with *HindIII* and *SalI* and adaptors containing the miR30stemshuttle sequence (**[S1 Table](#pone.0200080.s001){ref-type="supplementary-material"}**, based on \[[@pone.0200080.ref041]\]) were ligated into the backbone, resulting in pGAE_sffv_ZeoR_miRstemshuttle_WPRE \[[@pone.0200080.ref042]\]. Secondly, a PCR amplified Blasticidine resistance cassette (BsdR) was introduced into this plasmid upon *AgeI* and *XhoI* digestion, primers in **[S1 Table](#pone.0200080.s001){ref-type="supplementary-material"}**, resulting in pGAE_sffv_BsdR_miRstemshuttle_wpre. Third, *LoxP* sequences were introduced using adaptor ligation (**[S1 Table](#pone.0200080.s001){ref-type="supplementary-material"}**) behind the SFFV promoter (*AgeI*/*BglII* digestion) and behind the wpre sequence (*Bsu36I* digestion). Lastly, the miRNA based short hairpin was cloned (**[S2 Table](#pone.0200080.s002){ref-type="supplementary-material"}**) upon *Esp3I* digestion. For YB-1 backcomplementation a synthetic codon optimized YB-1 sequence (YB-1s, IDT, Haasrode, Belgium) was PCR amplified, digested with *BglII* and *XhoI* and cloned into the pGAE_sffv_MCS_IRES_HygroR_WPRE backbone (**[S1C Fig](#pone.0200080.s006){ref-type="supplementary-material"}**).

In order to generate a construct for recombinant YB-1 expression, a synthetic codon optimized YB-1 cDNA was PCR amplified with primers containing the attB1 and attB2 sites (**[S1 Table](#pone.0200080.s001){ref-type="supplementary-material"}**) allowing the product to be cloned into pDONR221 (Invitrogen) using Gateway BP clonase. This reaction was followed by a Gateway LR clonase recombination reaction with pHGWA (for which we acknowledge Busso et al. \[[@pone.0200080.ref043]\]) resulting in pHGWA_YB-1s. All plasmids were sequence verified.

Vector production {#sec005}
-----------------

VSV-G pseudotyped SIV based lentiviral vectors were produced by transfection of 293T cells with 15 μg of transfer plasmid (pGAE_sffv\_*LoxP*\_BsdR_miR_WPRE_LoxP), 15 μg SIV packaging plasmid (pAd-SIV3+ (a kind gift from Didier Nègre, Ecole Normale Supérieure, Lyon)) and 5 μg pVSV-g per petridish as described before \[[@pone.0200080.ref044]\].

Generation of stable cell lines {#sec006}
-------------------------------

To deplete cells for YB-1, HeLaP4 or SupT1s were transduced with a dilution series of miRNA based viral vector and selected with Blasticidin (3--9μg/mL) (Invivogen, Toulouse, France). To restore YB-1 levels in YB-1 KD cell lines, two strategies were followed. The first strategy featured recombination of the *LoxP* sites after delivery of Cre recombinase to the KD with a similar construct containing no miR-resistant YB-1 (**[S1D Fig](#pone.0200080.s006){ref-type="supplementary-material"}**). The second strategy implied the use of an SIV-based lentiviral vector expressing miR-resistant YB-1 as described above (**[S1C Fig](#pone.0200080.s006){ref-type="supplementary-material"}**).

Western blotting analysis and immunocytochemistry {#sec007}
-------------------------------------------------

For Western blotting, cells were lysed with 1% SDS. 10 μg cell lysate was separated by SDS-PAGE using 12.5% tris-glycine SDS-PAGE gels and transferred to a PVDF membrane. Membranes were probed with anti-YB-1 antibody (EP2708Y, 1:100000 or EP2706Y, 1:10 000, Abcam, Cambridge, UK), anti-β-actin antibody (AC15-A544, 1:50000, Sigma, Bornem, Belgium) or anti-LEDGF/p75 antibody (A300-847A, 1:500, ImTec, Antwerpen, Belgium). Detection was done with chemiluminescence using ECL (Pierce, ThermoScientific, Erembodegem, Belgium) after probing the blots with horseradish peroxidase coupled secondary antibody (1:1000--1:10 000, DAKO, Agilent technologies, Diegem, Belgium). Protein concentrations were determined using the Pierce bicinchoninic acid assay (BCA, Thermo Scientific, Erembodegem, Belgium).

For immunocytochemistry (ICC), 3 x 10^4^ HeLaP4 or 6 x 10^5^ SupT1 cells were seeded on PolyD-lysine coated chamber slides (Nunc, Roskilde, Denmark) and fixed with 2% paraformaldehyde 24 hours post seeding. YB-1 expression was detected with anti-YB-1 antibody (Abcam EP2708Y, 1:2000), followed by incubation with a Alexa488-conjugated secondary antibody (Life Technologies, ThermoScientific, Gent, Belgium) and DNA was stained with DAPI (1 μg/mL).

Viral replication {#sec008}
-----------------

One day prior to infection with 8 ng p24 HIV~IIIb~ or 190 ng p24 HIV~NL4.3~ in 2 mL DMEM, 2.1 x 10^4^ HeLaP4 cells were plated in a 6-well format. Cells were washed 24 hours post infection and capsid (p24) content of the medium was monitored daily. For viral replication experiments with suspension cells, 5 x 10^5^ cells were infected with 0.5--1 x 10^3^ ng HIV~NL4.3~ in 5 mL RPMI 1640 in T25 flasks and p24 production was followed over time. P24 production was measured by p24 ELISA (INNOTEST p24-ELISA (Innogenetics, Gent, Belgium).

Nuclear import assay {#sec009}
--------------------

The nuclear import assay has been performed as described before \[[@pone.0200080.ref045]\]. Briefly 3 x 10^4^ HeLaP4 cells were transduced with VSV-G pseudotyped HIV~luc~ containing IN-eGFP, provided with the Vpr-transcorporation technique (referred to as HIV~IN-eGFP~) \[[@pone.0200080.ref046]\]. 6 hours post transduction the cells were fixed with 4% paraformaldehyde and the nuclear lamina was stained with anti-lamin A/C antibody (Santa Cruz; sc-7292). Z-stacks were acquired with a Zeiss LSM510 multiphoton confocal microscope (Cell Imaging Core CIC, KU Leuven) and PICs were quantified with a MatLab routine described before \[[@pone.0200080.ref045]\].

Analysis of infectivity/transduction efficiency {#sec010}
-----------------------------------------------

2 x 10^4^ HeLaP4 or 1 x 10^5^ SupT1 cells per well were plated in a 96-well plate and transduced with a dilution series of VSV-g pseudotyped HIV~luc~ (NIH AIDS reagent program), HIV~YFP~ (a kind gift from Dr. Mathias Lichterfeld \[[@pone.0200080.ref012]\], \[[@pone.0200080.ref047]\]) or an HIV-based lentiviral vector expressing eGFP and luciferase (LV_eGFP_t2A_fLUC) \[[@pone.0200080.ref048]\]. For HIV~luc~, transduction efficiency was determined through quantification of the luciferase activity (One Glo^TM^, Promega, Leiden, the Netherlands). Luciferase activity was normalized for protein content using a BCA assay (BCA Protein Assay Kit, Thermo Scientific, Ghent, Belgium). eGFP or YFP expression was determined by flow cytometry (Guava easyCite^TM^ 5HT Sampling Flow Cytometer, Merck Millipore) and analyzed using the InCite^TM^ software. 0.3 μM raltegravir (RAL), an IN strand transfer inhibitor, was included as a control. Data were plotted and analyzed with GraphPad Prism software.

Analysis of HIV late effects {#sec011}
----------------------------

To quantify transcription and translation of the proviral DNA, 3 x 10^4^ HeLaP4 cells were plated in 96-well format one day prior to transfection using Lipofectamine 2000 (Life Technologies, Thermo Scientific, Ghent, Belgium) with 20--120 ng of plasmid encoding for HIV~luc~ or HIV~YFP~. 48 hours post transfection, cells were harvested and luciferase activity or mean fluorescence intensity was measured as described above.

To measure the effects on assembly and maturation, 6 x 10^5^ HeLaP4 cells were transfected with a HIV~NL4.3~ or HIV~YFP~ molecular clone. HIV capsid (p24) production was measured by the p24 ELISA (INNOTEST p24-ELISA (Innogenetics, Gent, Belgium)) and vRNA levels in cells or supernatant were measured as described before \[[@pone.0200080.ref049]\]. Briefly, RNA was extracted, reverse transcribed as described below and a quantitative PCR (qPCR) using the Gag primer-probe sets described in **[S3 Table](#pone.0200080.s003){ref-type="supplementary-material"}** was performed. Upon concentration using centrifugation over a cellulose membrane (Amplicon, Merck), Gag-processing in viral particles was verified with anti-CA antibody using Western Blotting analysis, as described above.

To measure the infectivity of viruses produced in the absence or presence of YB-1, TZM-bl cells were infected with supernatant containing an amount equal to 1 ng p24 of HIV~NL4.3~, 2 μM ritonavir (RTV), a protease inhibitor, was added 3 hours post infection. Cells were lysed 72 hours post infection with lysis buffer (50 mM Tris-HCl pH 7.3, 200 mM NaCl, 0.2% igepal, 5% glycerol), freeze thawed and analyzed for luciferase activity using ONE-Glo™ substrate (Promega, Leiden, the Netherlands).

Quantitative PCR {#sec012}
----------------

To quantify YB-1 expression levels, RNA from 3 x 10^6^ cells was extracted using the Aurum^TM^Total RNA Mini Kit (Bio-Rad Laboratories, Nazareth, Belgium), followed by reverse transcription of 5 μg RNA into cDNA with the High Capacity cDNA Reverse Transcription Kit (Life Technologies, ThermoScientific, Gent, Belgium). YB-1 and β-actin transcripts were PCR amplified and detected using the primers and probes listed in **[S3 Table](#pone.0200080.s003){ref-type="supplementary-material"}** as described in \[[@pone.0200080.ref045]\].

In order to quantify viral intermediates, one day prior to infection 8 x 10^5^ HeLaP4 cells were seeded in a 6-well format. 4 hours post infection with 2.7 x 10^3^ ng p24 HIV~IIIB~ in 2 mL DMEM, cells were washed three times with PBS and the medium was replaced with DMEM containing 2 μM RTV, 0.3 μM RAL or 3 μM nevirapine (NVP, NIH AIDS reagent program). Samples were taken 4, 10, 24, 48 hours and 8--10 days post infection and genomic DNA was isolated using the Sigma Mammalian genomic DNA Miniprep kit (Sigma-Aldrich, Diegem, Belgium).

To quantify the integrated copy number from viral vectors and single round viruses (HIV~YFP~, HIV~luc~), HeLaP4 or SupT1 cells were transduced with viral vectors or single round virus as described above, transferred 3 days post infection to 6-well plates and harvested 8--10 days post infection. eGFP, YFP or Luc expression was analyzed, genomic DNA was extracted and PCR amplified with primers described in **[S3 Table](#pone.0200080.s003){ref-type="supplementary-material"}** and normalized for β-actin content.

All qPCR reactions contained 1 x IQ-supermix (Bio-Rad Laboratories, Nazareth, Belgium), 100--400 nM forward and reverse primer and 100--200 nM probe. For each experiment, a standard curve was generated and no-template controls were included. All qPCR experiments were run and analyzed in a Lightcycler®480 (Roche Life Science). Reverse transcripts (total HIV-1 DNA), 2-LTR circles and integrated copy number were measured with the primer sets in **[S3 Table](#pone.0200080.s003){ref-type="supplementary-material"}** and normalized for β-actin or RNAseP content.

Integration site sequencing {#sec013}
---------------------------

As described above, cells were transduced with a dilution series of VSV-g pseudotyped LV_eGFP_t2A_fLUC vector, transferred to 6-well plates 2 days post transduction and kept in culture for 8--10 days. Genomic DNA was isolated and integration site distribution analysis was performed as described before \[[@pone.0200080.ref050]\].

Transmission electron microscopy {#sec014}
--------------------------------

HIV~NL4.3~ was produced in HeLaP4 cells in 6-well plates as described above. Cells were fixed 30 hours post transfection with 2.5% glutaraldehyde--2% formaldehyde in 0.1 M cacodylate buffer (pH 7.4) and postfixed in 1% OsO~4~. Ultra-thin sections were prepared as described before \[[@pone.0200080.ref051]\]. The samples were imaged in bright field (BF) mode using a Tecnai Spirit TEM (FEI, Eindhoven, The Netherlands) with Biotwin lens configuration operating at 120 kV. Micrographs were recorded using a 4\*4 K CCD camera (Eagle, FEI) at various magnifications

Cofactor identification by co-immunoprecipitation and mass spectrometry {#sec015}
-----------------------------------------------------------------------

Stable cell lines were prepared as described above, using a lentiviral vector encoding for HA-Flag-AU (HFA) codon optimized synthetic HIV integrase \[[@pone.0200080.ref052]\] (derived from pCG-HFA-HIV-IN, kindly provided by Dr. J. Skowronski, Cleveland, USA). Preparation of cellular and nuclear extracts, co-immunoprecipitation (co-IP), mass spectrometry (MS) and data analysis was performed as described earlier \[[@pone.0200080.ref013]\]. The top list of 25 cofactor hits were checked with co-IP and checked for inhibition of HIV~luc~ luciferase signal by specific siRNA's as published by König *et al*. \[[@pone.0200080.ref053]\]. If 2 or more distinct siRNAs resulted in inhibited HIV replication of more than 30%, the cofactor was selected. The final prioritization was based on the co-IP ranking.

Co-immunoprecipitation and pull down {#sec016}
------------------------------------

1 x 10^7^ 293T cells were lysed in 150-CSK buffer (150 mM NaCl, 50 mM Tris pH 7.5, 0.8% NP-40) supplemented with complete protease inhibitor EDTA free (Roche Life Science) and DNaseI (3 units/mL, Roche Life Science). Cell lysates were allowed to stand on ice for 20 minutes, before they were centrifuged at 13000 g for 10 minutes. 100 nM of recombinant Glutathion-S-Transferase (GST)-tagged HIV-1 IN or His-tagged HIV-1 IN (His-IN) was added to the supernatant. The supernatant was pre-incubated for 1 hour with recombinant proteins and antibodies at 4°C prior to addition of 30 μL A/G+ agarose beads (Roche Life Science) or nickel NTA agarose (Qiagen, Antwerp, Belgium). After overnight incubation at 4°C, beads were washed 3 times with 550-CSK buffer (CSK buffer containing 550 mM NaCl). Bound proteins were detected by Western blot using anti-6xHis-tag Ab9108 (Abcam, Cambridge, UK), GST tag (Covance Research Products) or YB-1 (EP2708Y, Abcam, Cambridge, UK) specific antibodies.

Protein purification and AlphaScreen binding assay {#sec017}
--------------------------------------------------

GST-IN and 6xHistidine-tagged Transportin-SR2 (His-TRN) were purified as described previously \[[@pone.0200080.ref054],[@pone.0200080.ref055]\]. pHGWA_YB-1s was transformed in competent E. *coli* Rosetta cells. Briefly, cells were grown to an OD of 0.8 and protein production was induced with 0.5 mM Isopropyl β-D-1-thiogalactopyranoside and incubated for 4 h at 30°C. Cells were harvested, lysed and His-YB-1s was affinity purified over His-Select Nickel Affinity gel (Sigma), following the manufacturers' instructions. DNAse and RNAse were added during all purification steps. Protein concentration was determined using the Pierce™ BCA Protein Assay Kit (ThermoScientific, Gent, Belgium).

In order to test direct binding between GST-IN and His-YB-1, we used the bead-based AlphaScreen protein-protein interaction technology (PerkinElmer) as described before \[[@pone.0200080.ref054]\]. Briefly, proteins were diluted to their respective working stocks in assay buffer (25 mM Tris/HCl pH 7.5, 150 mM NaCl, 1 mM dithiothreitol, 1 mM MgCl2 0.1% (w/v) BSA, 0.1% (v/v) Tween 20). 10 μL of His-YB-1 or His-TRN-SR2 and 5 μL of GST-IN were pipetted in a 384-well OptiPlate (PerkinElmer), mixed and incubated at 4°C for 1 hour. Next, 10 μL of glutathione donor and Ni-chelate acceptor AlphaScreen beads (20 μg/ml final concentration each) were added and the plate was incubated for 1 hour at 30°C. The plate was read in an EnVision Multilabel plate reader (PerkinElmer) and the AlphaScreen signal data were analyzed using GraphPad Prism 5.0 software. Whereas GST-IN was kept constant at 80 nM, His-YB-1 and His-TRN were titrated in a 1:3 dilution series starting at 300 μM.

Results {#sec018}
=======

YB-1 interacts with retroviral integrases {#sec019}
-----------------------------------------

To identify new HIV integrase interacting proteins we generated a stable 293T cell line overexpressing double tagged HIV IN (Flag-HA-IN). After immunoprecipitation of Flag-HA-IN, co-immunoprecipitating proteins were analysed by nanoLC-Q-Tof MS \[[@pone.0200080.ref013]\]. To identify proteins with a potential role in HIV replication, hits were cross-referenced with a genome wide siRNA screen \[[@pone.0200080.ref053]\], resulting into a shortlist of potential co-factors. The list including the respective Mass Spectrometry analysis after immunoprecipitation (MS) and siRNA scores is depicted in **[S4A Table](#pone.0200080.s004){ref-type="supplementary-material"}**. Based on their ranking and cellular function, the effect on HIV transduction efficiency 3 of these factors was re-evaluated by siRNA and miRNA-mediated depletion (**[S4B Table](#pone.0200080.s004){ref-type="supplementary-material"}**). This parallel and comparative analysis revealed that YB-1 had the most pronounced impact on HIV replication.

To confirm that YB-1 is found in a complex with HIV-1 IN, 293T cell lysates were spiked with recombinant His-IN. Upon His-IN pull down, endogenous YB-1 (**[Fig 1B](#pone.0200080.g001){ref-type="fig"}**) was readily detected, while YB-1 could not be detected in the absence of His-IN. The detection of LEDGF/p75, a well characterized binding partner of HIV-1 IN, validates the assay \[[@pone.0200080.ref006]\]. In a reciprocal experiment, we were able to detect spiked His-tagged IN after immunoprecipitating endogenous YB-1, but not His-Glutathione-S-transferase (His-GST) fusion protein (**[Fig 1C](#pone.0200080.g001){ref-type="fig"})**. Similar results were obtained using GST-tagged IN (GST-IN, **[Fig 1D](#pone.0200080.g001){ref-type="fig"}**). To study the viral specificity, YB-1 was immunoprecipitated from 293T cellular extracts spiked with His-tagged IN from RSV or MLV (**[Fig 1E](#pone.0200080.g001){ref-type="fig"}**). RSV and MLV IN were detected upon YB-1 precipitation, while the His-GST negative control was not. These results suggest that YB-1 can be a part of retroviral IN complexes. We detected a direct interaction between YB-1 and HIV-1 IN *in vitro*, using recombinant, purified His-tagged YB-1 (His-YB-1) and GST-IN in an AlphaScreen binding assay (**[Fig 1F](#pone.0200080.g001){ref-type="fig"}**). Binding of His-tagged Transportin-SR2 (His-TRN) to GST-IN was included as a positive control (**[Fig 1F](#pone.0200080.g001){ref-type="fig"}**) \[[@pone.0200080.ref056]\]. Although we were able to detect a direct interaction between recombinant YB-1 and IN, YB-1 bound to other non-related proteins (Menin, Cell division cycle-associated 7-like protein (CDCA7L/JPO2), LEDGF/p75, Transportin-SR2, **[S2 Fig](#pone.0200080.s007){ref-type="supplementary-material"}**). As such, direct binding between YB-1 and IN could not be unambiguously shown.

YB-1 supports HIV replication {#sec020}
-----------------------------

In order to investigate a potential role of YB-1 during lentiviral replication, we depleted the protein stably using two micro-RNA based short-hairpins (from here on referred to as miR) in HeLaP4 and SupT1 cell lines (miRY1 and miRY2). A miR against DsRed was used as a negative control (miRctrl). YB-1 levels were restored upon transduction of the knockdown cell lines with a SIV-based lentiviral vector expressing miR-resistant YB-1 (BC: backcomplementation: miRY1+BC and miRY2+BC). Cells transduced with the same vector, without YB-1 backcomplementation (miRY1+ctrl and miRY2+ctrl) were used as controls for antibiotic selection and vector transduction. Levels of YB-1 expression were verified by RT-qPCR (**[Fig 2A and 2B](#pone.0200080.g002){ref-type="fig"}**). MiRY1 and miRY2 depleted YB-1 by 90% and more than 85%, respectively, in HeLaP4 cells and more than 80% in SupT1 cells. Viral replication of HIV~IIIB~ in the HeLaP4-derived cell lines was followed over time revealing that YB-1 depletion resulted in a 10-fold reduction of viral replication (**[Fig 2C](#pone.0200080.g002){ref-type="fig"}**)**.** Similar results were obtained for HIV~NL4.3~ (data not shown) and in T-cell-derived SupT1 cells (**[Fig 2D](#pone.0200080.g002){ref-type="fig"}**) for both miRs (**[Fig 2C and 2D](#pone.0200080.g002){ref-type="fig"}**). The phenotype could be rescued upon restoration of the YB-1 levels (**[Fig 2C](#pone.0200080.g002){ref-type="fig"}**). Distinct proliferation rates between the different cell lines were not responsible for the observed phenotype, as no major growth deficits were observed when depleting YB-1 (**[Fig 2E and 2F](#pone.0200080.g002){ref-type="fig"}**). All together these data show that YB-1 supports efficient HIV replication.

![YB-1 supports HIV replication.\
Replication of HIV~IIIB~ in HeLaP4 and HIV~NL4,3~ in SupT1 cells stably expressing miRNA-based shRNAs against DS Red (negative control, miRctrl, *grey*) or YB-1 (miRY1, *red*, miRY2, *dark blue*). As a control for aspecific targeting, YB-1 levels were backcomplemented (miRY1+BC, *purple*, miRY2+BC, *green*). BC was also controlled with an empty cassette vector (miRY1+ctrl, *pink*, miRY2+ctrl, *light blue*) in HelaP4 cells. (**A**, **B**) Levels of YB-1 mRNA as determined with RT-qPCR in (**A**) HeLaP4 and (**B**) SupT1-derived cell lines. Standard deviations for triplicates within one experiment are shown. (**C**, **D**) Upon HIV infection capsid production in the supernatant of the different cell lines was followed over time using p24-ELISA as a measure for HIV replication. Standard deviations for triplicate data points are shown in (**C**). (**A-D**) Shown are representative experiments out of minimum 3 experiments. (**E**, **F**) As a measure of cell proliferation, cell growth of uninfected (**E**) HeLaP4 and (**F**) SupT1-derived cell lines was monitored daily in parallel with the breakthrough experiments. Error bars indicate standard deviations of duplicate data points. Differences in panel C were determined using two-way ANOVA, followed by the Bonferroni multiple comparison test. The YB-1 depleted cell lines were compared to the miRctrl (*black stars*) and the BC conditions (*purple* and *green stars* for miRY1+BC and miRY2+BC, respectively). *\*p \< 0*.*05*, *\*\*p \< 0*.*01*, *\*\*\*p \< 0*.*001*.](pone.0200080.g002){#pone.0200080.g002}

Viral particle production and viral RNA levels are reduced upon YB-1 depletion {#sec021}
------------------------------------------------------------------------------

YB-1 plays a role in late steps of replication of several RNA viruses \[[@pone.0200080.ref027],[@pone.0200080.ref034],[@pone.0200080.ref035],[@pone.0200080.ref037]\]. To evaluate the role of YB-1 during late steps of HIV replication we transfected the HeLaP4-derived cell lines with plasmid encoding HIV~NL4.3~ or HIV~YFP~ and monitored p24 production in the supernatant (**[S3A and S3B Fig](#pone.0200080.s008){ref-type="supplementary-material"}** for miRY1, **[Fig 3A](#pone.0200080.g003){ref-type="fig"} and [S2B Fig](#pone.0200080.s007){ref-type="supplementary-material"}** for miRY2) as a measure for late steps until proteolytic maturation. HIV~YFP~ is a single round virus defective for *env* which expresses a yellow fluorescent protein (YFP) reporter \[[@pone.0200080.ref012],[@pone.0200080.ref047]\]. This YFP sequence is cloned between env and nef, using an internal ribosome entry site (IRES). Depletion of YB-1 in these cell lines resulted in a 2- to 5- fold decrease in p24 production which was rescued after restoration of YB-1 levels. Similarly, the relative amount of cellular vRNA levels (Gag/β-actin) were 2--5 fold lower when YB-1 was depleted (**[Fig 3B](#pone.0200080.g003){ref-type="fig"} and [S3C Fig](#pone.0200080.s008){ref-type="supplementary-material"}**). These results are in accordance with a previous study claiming that reduced viral production is due to impaired RNA stabilization \[[@pone.0200080.ref034]\]. However, lower RNA levels did not consistently result in lower YFP protein levels; YFP expression remained similar (**[Fig 3C](#pone.0200080.g003){ref-type="fig"} and [S3D and S3E Fig](#pone.0200080.s008){ref-type="supplementary-material"}**) or decreased maximum 2-fold (**[S3F Fig](#pone.0200080.s008){ref-type="supplementary-material"}**). This effect was not due to overexpression of YFP, since transfection with different amounts of plasmid resulted in a similar phenotype (**[S3D Fig](#pone.0200080.s008){ref-type="supplementary-material"} compared to [Fig 3C](#pone.0200080.g003){ref-type="fig"}**). Neither was the effect due to YB-1 expression levels, as transduction with different amounts of the YB-1 backcomplementation vector did not result in altered YFP expression (**[S3E Fig](#pone.0200080.s008){ref-type="supplementary-material"},** YB-1 expression in **[Fig 4D](#pone.0200080.g004){ref-type="fig"}**). Transfection of pHIV~luc~ resulted in similar results. Yet, YFP or luciferase are encoded in the Nef gene and hence are considered Rev-independent (while gag vRNA export is dependent on rev). Furthermore, the MFI might not be sensitive enough to robustly measure differences. Additionally, we analyzed the Gag/Gag-Pol expression levels in a semi-quantitative manner by Western blotting analysis (**[S4 Fig](#pone.0200080.s009){ref-type="supplementary-material"}**), showing an approximately 5-fold lower reduction of gag p55 expression in case of YB-1 depletion. Gag p55 levels partially recovered when YB-1 levels were restored. Furthermore, we could not detect defects in Gag proteolytic processing in virus produced in YB-1 KD cell lines (**[Fig 3D](#pone.0200080.g003){ref-type="fig"}**) although proteolytic cleavage of Gag remained sensitive to ritonavir (RTV) inhibition, as measured with Western Blotting (**[Fig 3D](#pone.0200080.g003){ref-type="fig"}**). No detectable defects in maturation or budding were observed by transmission electron microscopy (TEM, **[Fig 3E](#pone.0200080.g003){ref-type="fig"}**). The virus produced in YB-1 depleted cells, normalized on p24-content, showed no defects in infectivity when tested on TZM-bl cells, which contain a luciferase reporter gene under control of an LTR promotor (**[Fig 3F](#pone.0200080.g003){ref-type="fig"}**). All together these data indicate that YB-1 is required for maintaining the vRNA level and efficient viral particle production.

![Viral RNA levels and viral particle production are hampered by YB-1 depletion.\
Transfection of HeLaP4 cells with plasmid encoding for HIV~NL4.3~ (pHIV) or HIV~YFP~ (pHIV~YFP~) resulted in (**A**) lower capsid (p24) production as measured with p24 ELISA and (**B**) lower total viral Gag RNA levels as measured with qPCR when YB-1 was depleted (miRY2, *dark blue*) compared to control cell lines (WT, *light grey*, miRctrl, *dark grey*). 2 μM Ritonavir (RTV) was added as control in (**A**). Both capsid and viral RNA levels were rescued when the YB-1 levels were restored (miRY2+BC, *green*), but not when the cells were transduced with a control vector (miRY2+ctrl, *light blue*). (**C**) Transfection of HeLaP4-derived cell lines with HIV~YFP~ (pHIV~YFP~). YFP expression levels were measured by flow cytometry. (**D**) Western blot of concentrated supernatant (SN) from virus producing cells with anti-capsid (p24) antibody. (**E**) TEM images of sections from virus producing cells using negative staining 30 hours post transfection. (**F**) Infectivity of virus produced in the presence or absence of YB-1 was determined in TZM-bl reporter cells. Shown are luciferase units (LU) per μg protein. (**A**, **C**, **D**, **F**) Representative experiments out of minimum 3 independent experiments are shown. Error bars indicate standard deviations of (**A**) duplicate or (**B-D, F**) triplicate data points. Statistical differences were determined using one-way ANOVA, followed by the Bonferroni multiple comparison test. The YB-1-depleted cell lines were compared to the miRctrl (*black stars*) and the BC conditions (*green stars*). *\*p \<0*.*05*,*\*\*p \< 0*.*01*, *\*\*\*p \< 0*.*001*.](pone.0200080.g003){#pone.0200080.g003}

![YB-1 levels affect the early steps of HIV replication.\
HeLaP4 cells were transduced with a dilution series of vector expressing a miRNA-based shRNA against YB-1 (miRY1, *red*, miRY2, *blue*) or against DSRed (miRctrl, *dark grey*). YB-1 expression levels were measured with (**A**) RT-qPCR and with (**B**) immunocytochemistry (ICC). YB-1 was detected with a specific antibody (*green*). DNA was stained using DAPI. (**C**) The stable cell lines were infected with VSV-G pseudotyped HIV~YFP~ and harvested 48--72 hours post infection. % YFP positive cells (*upper panel*) and the % YFP positive x mean fluorescence intensity (MFI) (*lower panel*) were measured using flow cytometry. Shown is a representative experiment out of 3 independent experiments. Standard deviations for triplicates within one experiment are shown. The various YB-1-depleted cell lines were compared to the miRctrl (*black stars*) condition using one way ANOVA followed by the Bonferroni multiple comparison test. (**D**) HeLaP4 cells depleted for YB-1 were transduced with different concentrations of vector expressing miRNA-resistant YB-1 (miRY2+BC, *green*) or control vector (miRY2+ctrl, *light blue*) and RNA expression levels were determined with RT-qPCR. (**E**) Experiment performed as in panel C. VSV-G pseudotyped HIV~YFP~ infection efficiency was partially restored upon YB-1 backcomplementation, as measured by flow cytometry. Shown is a representative experiment out of 3 independent experiments. Standard deviations of triplicate data points are shown. Differences were determined using one-way ANOVA, followed by the Bonferroni multiple comparison test. The miRctrl and the BC dilution series were compared to the miRY2 (*dark blue stars*) and miRY2+ctrl (*light blue stars*) conditions. *\*p \<0*.*05*,*\*\*p \< 0*.*01*, *\*\*\*p \< 0*.*001*.](pone.0200080.g004){#pone.0200080.g004}

YB-1 is important for the early steps of HIV replication {#sec022}
--------------------------------------------------------

To examine whether early steps in the HIV replication cycle were affected by YB-1 depletion, we transduced the YB-1 KD cells with a VSV-G pseudotyped single round virus (HIV~YFP~). As initial results revealed that a drop in transduction efficiency did not consistently correlate with YB-1 KD, we hypothesized that our this transduction deficiency might be strictly dependent on the actual YB-1 levels. In order to address this hypothesis, we transduced HeLaP4 cells with a 1:3 dilution series of the SIV-based vector expressing miRY1 or miRY2, resulting in varying YB-1 expression levels. Differential knockdown was confirmed by RT-qPCR and confocal microscopy (**[Fig 4A and 4B](#pone.0200080.g004){ref-type="fig"}**). Transduction of these YB-1 knock-down cell lines with different MOIs of HIV~YFP~ resulted in an approximately 2- and 5-fold decrease in YFP positive cells with miRY1 and miRY2, respectively (**[Fig 4C](#pone.0200080.g004){ref-type="fig"} and [S5A and S5B Fig](#pone.0200080.s010){ref-type="supplementary-material"}**). Surprisingly, strong knock-down of YB-1 (qPCR \>95%, resulting in undetectable levels of YB-1 in ICC) reversed the effect on transduction efficiency (**[Fig 4A, 4B and 4C](#pone.0200080.g004){ref-type="fig"} and [S5A and S5B Fig](#pone.0200080.s010){ref-type="supplementary-material"}**). These results support a concentration-dependent role for YB-1 during the early steps of HIV replication. Off-target effects were less likely since the percentage of transduced cells could be rescued when YB-1 levels were restored (miRY1+BC, mirY2+BC), but not in the control condition (miRY1+ctrl, miRY2+ctrl) (**[Fig 4D and 4E](#pone.0200080.g004){ref-type="fig"} and [S5C](#pone.0200080.s010){ref-type="supplementary-material"}, [S5D and S5E Fig](#pone.0200080.s010){ref-type="supplementary-material"})**. Again, the percentage YFP-positive cells was shown to correlate with the YB-1 expression levels (**[Fig 4D and 4E](#pone.0200080.g004){ref-type="fig"} and [S5C and S5D Fig](#pone.0200080.s010){ref-type="supplementary-material"}**).

To investigate the steps in early replication affected by YB-1, we infected the HeLaP4-derived cell lines with HIV~IIIB~, and quantified viral intermediates at different time points. To inhibit reinfection 2 μM RTV was added 4 hours post infection. Controls using 3 μM nevirapine (NVP) as an inhibitor of reverse transcription and 0.3 μM raltegravir (RAL) as an integrase strand transfer inhibitor were included. Reverse transcripts were not affected by YB-1 KD (**[Fig 5A](#pone.0200080.g005){ref-type="fig"}**). 2-LTR circles are dead-end by-products of viral replication, and are only formed in the nucleus. Therefore they can be used as indirect measurement for nuclear import. It was shown before that due to the block of integration upon addition of integrase strand transfer inhibitors the number of 2-LTR circles drastically increases **[Fig 5B](#pone.0200080.g005){ref-type="fig"}** \[[@pone.0200080.ref057]\]. However, under the same conditions YB-1 KD did not result in an increased formation of 2-LTR circles (**[Fig 5B](#pone.0200080.g005){ref-type="fig"}**), pointing towards a defect in nuclear import. A more direct way to measure HIV nuclear import makes use of IN-eGFP labelled viral particles \[[@pone.0200080.ref045]\]. Therefore HeLaP4 YB-1 knockdown or control cells were infected with a VSV-G pseudotyped virus carrying green fluorescently labelled IN (HIV~IN-eGFP~) incorporated in the particle through Vpr-trans-incorporation, as published before \[[@pone.0200080.ref045]\]. The ratio of nuclear versus cytoplasmic fluorescent IN-eGFPs measures the efficiency of the nuclear import process. The IN-eGFP ratio was clearly reduced after YB-1 depletion whereas partial rescue was obtained upon Cre-mediated removal of the knockdown cassette (*miRY1 + cre*) (**[Fig 5C](#pone.0200080.g005){ref-type="fig"} and [S6A Fig](#pone.0200080.s011){ref-type="supplementary-material"}**). This lower number of nuclear green fluorescent integrase complexes was not a consequence of impaired cellular entry or PIC stability, as the number of fluorescent integrase complexes per cell did not significantly differ between the cell lines (**[S6B Fig](#pone.0200080.s011){ref-type="supplementary-material"}**), nor was there a significant increase of these complexes at the nuclear membrane upon YB-1 depletion (**[S6C Fig](#pone.0200080.s011){ref-type="supplementary-material"}**). The block in nuclear import was reflected in the lower number of integrated copies upon YB-1 depletion which could be rescued upon restoration of the YB-1 knockdown levels (**[Fig 5D](#pone.0200080.g005){ref-type="fig"}**). These results suggest that YB-1 depletion blocks a step in between reverse transcription and nuclear import. Finally, to test the integration site distribution, HeLaP4 cells were transduced with a lentiviral vector encoding eGFP and luciferase. Transduction efficiency and integrated copies were followed with flow-cytometry and qPCR, but no significant changes in HIV integration site distribution were observed upon YB-1 KD (**[S5 Table](#pone.0200080.s005){ref-type="supplementary-material"}**).

![YB-1 depletion inhibits a step between reverse transcription and nuclear import.\
HeLaP4 YB-1 knock-down (miRY1, *red*) or control (miRctrl, *dark grey*) cells were infected with HIV~IIIB~ in the presence of 2 μM ritonavir (RTV) and the indicated compounds (0.3 μM raltegravir (RAL), 3 μM nevirapine (NVP)). Cells were sampled at different time points, genomic DNA was extracted and qPCR was performed for HIV-1 (**A**) Gag and (**B**) 2-LTR circles to monitor reverse transcription and nuclear import, respectively. (**C**) HeLaP4 YB-1 knock-down (miRY1, *red*) or control (miRctrl, *dark grey*) cells were infected with fluorescent HIV~IN-eGFP~ and fixed 5 hours post transduction. As a backcomplementation control the miRY1 was floxed out using Cre--recombinase (miRY1+cre). Green fluorescent particles in the cytoplasm and nucleus were quantified by laser-scanning confocal microscopy. The cumulative distribution of the percentage of cells containing a certain ratio of fluorescent nuclear over cytoplasmatic IN-eGFP particles is depicted. One out of two representative experiments is shown. (**D**) Cells as described for (**A**) and (**B**) were sampled 10 days post infection and a qPCR for Gag DNA was performed as a measure for integration. Standard deviations of triplicate data points are shown. (**A**, **B**, **D**) qPCR data were normalised for RNaseP (RNP). Differences were determined using (**A**, **B**) two-way ANOVA, (**C**) Mann Whitney test or (**D**) one-way ANOVA, followed by the Bonferroni multiple comparison test. Statistical differences between (**A**) miRY1 and miRctrl and (**B**) miRY1 +RAL and miRctrl+RAL are shown. (**C**, **D**) Cell lines were compared to the miRctrl (*black stars*) and miRY1+cre (*violet stars*) conditions. *\*p \<0*.*05*,*\*\*p \< 0*.*01*, *\*\*\*p \< 0*.*001*.](pone.0200080.g005){#pone.0200080.g005}

Discussion {#sec023}
==========

Y-box-binding protein 1 (YB-1), a multifunctional RNA and DNA binding protein, is involved in the replication cycle of many viruses \[[@pone.0200080.ref027],[@pone.0200080.ref028],[@pone.0200080.ref031],[@pone.0200080.ref035]--[@pone.0200080.ref037],[@pone.0200080.ref058]\]. Here we reveal that YB-1 is necessary for efficient HIV-1 replication (**[Fig 2](#pone.0200080.g002){ref-type="fig"}**). Using a highly controlled RNAi-based YB-1 knockdown approach in both HeLaP4 and SupT1 cells, we show that YB-1 depletion reduces spreading HIV-1 replication 10-fold due to early and late step replication deficits.

We used a proteomics approach (Co-IP + MS analysis) to identify new binding partners of HIV-1 integrase (**[S4 Table](#pone.0200080.s004){ref-type="supplementary-material"}**). Next to the known HIV integrase-interactor LEDGF/p75, YB-1 appeared among the top candidates in the HIV IN screen (**[S4 Table](#pone.0200080.s004){ref-type="supplementary-material"}**). Although we confirmed the presence of YB-1 in the HIV IN complex through pull-down and co-IP (**[Fig 1B](#pone.0200080.g001){ref-type="fig"}**--**[1E](#pone.0200080.g001){ref-type="fig"}**), attempts to identify a direct interaction were inconclusive due to non-specific interactions observed in recombinant protein samples (**[Fig 1F](#pone.0200080.g001){ref-type="fig"}**). Non-specific interactions could be induced by the high affinity of YB-1 for contaminating RNA and DNA. However, attempts to reduce DNA and RNA levels through the addition of nucleases did not eliminate the observed interactions. Likewise, the high affinity of YB-1 for DNA and RNA and the specific unstructured nature of YB-1 \[[@pone.0200080.ref017]\] hampered the delineation of YB-1 domains responsible for the interaction. YB-1 has been detected in various other screens for HIV cofactors \[[@pone.0200080.ref038],[@pone.0200080.ref053],[@pone.0200080.ref059]\]. In the König screen, an siRNA screen combined with interrogation of human interactome databases, YB-1 was classified as part of the Gag interactome \[[@pone.0200080.ref053]\]. In the Jäger screen, a large scale co-IP for viral proteins, YB-1 appeared as a hit for all HIV proteins, suggesting that YB-1 may have been a non-specific binder in that particular screen \[[@pone.0200080.ref059]\]. The most recent proteomics screen, performed by Li *et al*., claims that YB-1 was interacting with the HIV-1 matrix protein \[[@pone.0200080.ref038]\]. We originally detected YB-1 as an interactor of not only HIV-1 IN but also MLV IN and RSV IN in parallel proteomic screens. Still, in each instance the interaction was only detected in cytosolic extracts, not in nuclear ones and not in control cell lysates lacking retroviral IN. Although we cannot make firm conclusions on any direct interaction with a specific HIV protein, a phenotypic impact on HIV replication upon depletion of YB-1 is clearly documented (**[Fig 2](#pone.0200080.g002){ref-type="fig"}**).

Consistent with Mu *et al*., who demonstrated that YB-1 overexpression results in an enhanced viral vector particle production and a stabilization of newly produced vRNA through binding of stem loop 2 \[[@pone.0200080.ref034]\], we show here that YB-1 depletion reduces cellular HIV-1 Gag RNA levels and viral p24 production (**[Fig 3A and 3B](#pone.0200080.g003){ref-type="fig"}**). The specific drop in vRNA could be explained by reduced transcription from the HIV LTR or decreased RNA stability. In fact, Ansari *et al*. demonstrated that YB-1 is able to bind Tat *in vitro* and that it can influence the expression of a reporter gene under control of a minimal HIV promotor \[[@pone.0200080.ref033]\]. The fact that expression of YFP or luciferase from the *nef* locus was not sensitive to YB-1 depletion excludes a general LTR defect in our experiments. We tend to agree with Mu *et al*. that YB-1 probably stabilizes genomic vRNA without affecting transcription per se. This hypothesis is in line with the fact that we could not detect YB-1 relocalization to the nucleus upon HIV-1 infection or transfection in HeLaP4, which would be expected if YB-1 would affect LTR-mediated transcription. Moreover, in co-IP experiments (**[S4 Table](#pone.0200080.s004){ref-type="supplementary-material"}**) the IN/YB-1 complex was detected in the cytosol, not in the nucleus. The fact that YB-1 is important for RNA metabolism, in particular as a major component of free mRNPs and polysomes (recently reviewed by \[[@pone.0200080.ref017]\]), supports the RNA stabilization hypothesis. Finally, YB-1 has been described to support viral particle production of MLV, Influenza, HCV and MMTV in an RNA-dependent manner \[[@pone.0200080.ref027],[@pone.0200080.ref028],[@pone.0200080.ref035],[@pone.0200080.ref037]\]. In case of HCV, depletion of YB-1 resulted in a decrease in vRNA, which was not translated into a decreased HCV protein production but resulted in a lower infectivity in the next round \[[@pone.0200080.ref037]\]. Paranjape *et al*. on the other hand demonstrated that YB-1 is a translational repressor for Dengue Virus production \[[@pone.0200080.ref036]\]. These at first sight opposite effects, could be explained by the fact that Paranjape *et al*. used YB-1 KO cells for their research, in contrast to all other groups which used a KD or overexpression approach. As it was previously published that the YB-1/mRNA ratio determines if translation is either promoted or blocked, this complete lack of YB-1 may explain the paradoxical phenotype (recently reviewed by \[[@pone.0200080.ref017]\]). A complementary explanation implies that YB-1 KD leads to a rev-dependent defect, and subsequently lower levels of gag vRNA, but not of the genes expressed in the nef locus. Hence, more research is necessary to explore this hypothesis.

Whereas late effects of YB-1 on RNA virus replication have been documented before, we here show for the first time that YB-1 depletion also hampers HIV-replication at a step between reverse transcription and nuclear import, resulting in a drop in nuclear GFP-integrase complexes and integrated copy number (**[Fig 5](#pone.0200080.g005){ref-type="fig"}**). Of note, transduction efficiency of an MLV-derived vector was not severely hampered by YB-1 KD suggesting that the early effect is specific (**[S7 Fig](#pone.0200080.s012){ref-type="supplementary-material"}**). The block in transduction efficiency was dependent on YB-1 levels (**[Fig 4](#pone.0200080.g004){ref-type="fig"}**). Near full depletion of YB-1 apparently reduced the replication deficit hinting at multiple dose-dependent mechanisms. Nonetheless, other mechanisms cannot be excluded. Our data also revealed that YB-1 depletion does not affect integration site distribution (**[S5 Table](#pone.0200080.s005){ref-type="supplementary-material"}**). HIV nuclear import-factors like Transportin--SR2 and RanBP2 are known to influence integration site distribution to some extent, suggesting that YB-1 affects HIV replication via a different mechanism \[[@pone.0200080.ref060]\].

The HIV and MLV nuclear import mechanisms are different. While MLV is believed to require mitosis to reach the chromatin \[[@pone.0200080.ref061],[@pone.0200080.ref062]\], HIV can enter the nucleus through the nuclear pores \[[@pone.0200080.ref063]\]. Several viral features might account for these differences including uncoating \[[@pone.0200080.ref064]\], vDNA conformation/compacting \[[@pone.0200080.ref065],[@pone.0200080.ref066]\] and the usage of specific nuclear import/docking receptors \[[@pone.0200080.ref063],[@pone.0200080.ref067]\]. Since YB-1 is an RNA/DNA binding protein it is tempting to speculate that YB-1 influences vDNA conformation/compacting required for HIV nuclear import. Following this theory, an optimum YB-1 concentration may be required for correct compaction of nucleic acids. An alternative hypothesis implies that another host factor functionally compensates very low YB-1 levels and restores transduction efficiency. In general, the observed early effect is complex, might be caused by multiple factors and requires further study. HIV co-factor identification and validation has paved the way to antiviral drug discovery successes during recent years \[[@pone.0200080.ref068]--[@pone.0200080.ref071]\]. Although we show that YB-1 is an important HIV-1 co-factor, targeting YB-1 or its interactions with viral proteins may not be straightforward. Its RNA interacting properties, its 'Goldilocks effect' on HIV replication, as well as the lack of strong evidence for a direct interaction with a particular HIV protein jeopardize successful drug development. However, as high YB-1 levels have been associated with poor prognosis and disease recurrence in several human malignancies (recently reviewed in \[[@pone.0200080.ref072]\]), further research on the role of YB-1 in human disease pathogenesis may pay off in the long run.

Conclusion {#sec024}
----------

In conclusion, we confirm that the nucleic acid binding YB-1 is an important cofactor of HIV replication that exerts its effects at two stages in a concentration-dependent manner. The early effect occurs at a stage between reverse transcription and nuclear import. The late effect involves viral RNA stability and virus production.
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###### Overview of the plasmid constructs.

Shown is a schematic representation of the cassettes on (**A**) pGAE_sffv_LoxP_BsdR_miR_WPRE_LoxP, to induce miRNA-based shRNA-mediated knockdown of YB-1, (**B**) the resulting product after delivery of Cre recombinase in stable cell lines expressing the construct shown in A, (**C**) pGAE_sffv_YB-1s_IRES_HygroR_WPRE expressing miR-resistant YB-1 used to backcomplement the YB-1 knockdown cell lines and (**D**) pGAE_sffv_MCS_IRES_HygroR_WPRE used as a control for the backcomplementation.
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###### Binding of YB-1 to different proteins.

Interaction of a dilution series of recombinant (A) GST-YB-1 with 80 nM His-integrase (IN) or 2 nM JPO2-MBP or (B) the YB-1 cold shock domain (GST-YB-1 CSD) with 80 nM His-IN, 100 nM His-Transportin SR-2 (TRN), His-LEDGF/p75, His-LEDGF/p52 and His-Menin. Proteins were purified as described in \[[@pone.0200080.ref073]\] and in the Materials and Methods section.
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###### YB-1 depletion reduces viral particle production and viral RNA levels.

Transfection of HeLaP4-derived cell lines with plasmid encoding for (**A, C, D, E, F**) HIV~YFP~ (pHIV~YFP~) or (**B**) HIV~NL4.3~ (pHIV). (**A**) Transfection with pHIV~YFP~ in cell lines expressing YB-1 miR 1 (miRY1, *red*) or miR 2 (miRY2, *dark blue*) compared to control cell lines (WT, *light grey* or cells expressing a control miR, miRctrl, *dark grey*), as measured with p24 ELISA. 2 μM ritonavir (RTV) was added as a positive control. YB-1 depletion was rescued through overexpression of miR resistant YB-1 (miRY1+BC, *violet*). Backomplementation was controlled with an empty vector construct (miRY1+ctrl, *pink*). (**B**) Similar results were obtained upon HIV~NL4.3~ transfection. (**C**) Total viral Gag RNA levels as measured with RT-qPCR in HelaP4 cells depleted for YB-1 (*red*) or miRctrl cells (*dark grey*). (**D**, **E**, **F**) YFP expression levels were measured by flow cytometry upon transfection with (**D**) 30 ng or (**E**, **F**) 60 ng pHIV~YFP~ in 96-well plates. (**D**) This experiment was performed in parallel with the experiment in **[Fig 3C](#pone.0200080.g003){ref-type="fig"}** with a lower amount of plasmid. (**E**) Cells were transduced with different quantities of vector encoding for miRY2 (*blue*) and/or by a dilution series of a vector coding for a YB-1 backcomplementation (vector YB-1 BC: miRY2+BC, *green*). The respective YB-1 RNA expression levels are shown in [Fig 4D](#pone.0200080.g004){ref-type="fig"}. (**A**-**D**, **F**) Results were compared to results obtained with the miRctrl (*black stars*) or the BC conditions (*violet* or *green stars*). (**E**) Results were compared to results obtained with miRY1 (*dark blue stars*) or miRY1+ctrl (*light blue*) conditions. *\*p \<0*.*05*,*\*\*p \< 0*.*01*, *\*\*\*p \< 0*.*001*.
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###### YB-1 depletion reduces also gag p55 expression.

Transfection with pHIV~YFP~ in HeLaP4-derived cell lines expressing YB-1 miR 1 (miRY1, *red*) or miR 2 (miRY2, *dark blue*) compared to control cell lines (WT, *light grey* or cells expressing a control miR, miRctrl, *dark grey*), followed by Western blotting analysis of these cell lysates using anti-capsid (anti-CA) and anti-integrase (anti-IN) antibodies. Membranes were washed between anti-CA and anti-IN staining, resulting in the observation of CA-containing bands in the anti-IN blot. Β-actin was detected after stripping. Relative gag p55/ β-actin intensities were quantified using the ImageJ intensity analysis. Error bars indicate standard deviations from two independent experiments. Differences were determined using one-way ANOVA, followed by the Bonferroni multiple comparison test. Results were compared to results obtained with the miRctrl (*black stars*) or the BC conditions (*violet stars*). *\*p \<0*.*05*,*\*\*p \< 0*.*01*, *\*\*\*p \< 0*.*001*. Integrase staining was added as an additional control.

(PDF)
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###### YB-1 levels determine HIV-1 transduction efficiency.

(**A, B**) HeLaP4 cells transduced with a dilution series of vector expressing a miRNA-based shRNA against YB-1 (miRY1, *red*, miRY2, *blue*) or miRNA-based shRNA against DSRed (miRctrl, *dark grey*) were transduced with a dilution series of VSV-G pseudotyped HIV~YFP~ and harvested 48--72 hours post transduction. % YFP positive cells (left panel) and the % YFP positive cells x mean fluorescence intensity (MFI) (right panel) as measured by flow cytometry are depicted. Shown is a representative experiment out of 3 independent experiments. (**C, D**) HeLaP4 cells with a stable YB-1 knock-down (miRY2) were transduced and selected with a dilution series of vector expressing miR resistant YB-1 (miRY2+BC, *green*) or control vector (miRY2+ctrl, *light blue*) prior to infection with different amounts (125 ng p24, **C** or 14 ng p24, **D**) of single round VSV-G pseudotyped HIV~YFP~. Cells were harvested 48--72 hours post transduction. % YFP positive cells (left panel) and the % YFP positive cells x mean fluorescence intensity (MFI) (right panel) as measured by flow cytometry are depicted. (**E**) Similar results were obtained upon rescue of the YB-1 levels after mirY1 KD (miRY1+BC, *violet*). A representative experiment out of 2 to 4 experiments is shown. Error bars represent standard deviations of triplicate data points. Statistical differences were determined using one-way ANOVA, followed by the Bonferroni multiple comparison test. Cells were compared to (**A**, **B**, **C**) miRctrl (*black stars*) and miRY2+BC (*green stars*), (**C**-**E**) miRY1 (*red stars*), miRY2 (*dark blue stars*), miRY1+ctrl (*pink stars*) or miRY2+ctrl (*light blue stars*) conditions. *\*p \<0*.*05*,*\*\*p \< 0*.*01*, *\*\*\*p \< 0*.*001*.
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Click here for additional data file.

###### Total number and nuclear membrane localisation of IN-eGFP HIV particles.

HeLaP4 YB-1 knock-down (miRY1, *red*, n = 38) or control (miRctrl, *dark grey*, n = 40) cells were infected with fluorescent HIV~IN-eGFP~ and fixed 5 hours post transduction. As a backcomplementationcontrol the miRY1 was floxed out using Cre--recombinase (miRY1+cre, *violet*, n = 35). Green fluorescent particles in the cytoplasm and nucleus were quantified by laser-scanning confocal microscopy. The numbers of PICs per (**A**) cell and at the (**B**) nuclear membrane are shown. Error bars represent standard deviations. No statistical significant differences between miRctrl, miRY1 and miRY1+cre conditions were observed using (**A**) one-way ANOVA or (**B**) Mann-Withney testing. One out of two representative experiments is shown. *\*p \<0*.*05*,*\*\*p \< 0*.*01*, *\*\*\*p \< 0*.*001*.

(PDF)
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Click here for additional data file.

###### MLV transduction efficiency.

The stable HeLaP4 YB-1 KD cell lines (miRY2) and respective control cell lines were transduced with a VSV-G pseudotyped MLV-vector encoding for eGFP and results were analyzed using flow cytometry. A representative experiment out of 2 experiments is shown. Error bars represent standard deviations of triplicate data points. Statistical differences were determined using one-way ANOVA, followed by the Bonferroni multiple comparison test. Cells were compared to (**A**, **B**, **C**) miRctrl (*black stars*) and miRY2+BC (*green stars*), (**C**-**E**) miRY1 (*red stars*), miRY2 (*dark blue stars*), miRY1+ctrl (*pink stars*) or miRY2+ctrl (*light blue stars*) conditions. *\*p \<0*.*05*,*\*\*p \< 0*.*01*, *\*\*\*p \< 0*.*001*.

(PDF)
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Click here for additional data file.
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